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APPROACH 


During  the  last  contract  period,  three  interactions  for  mm-wave  generation  were  under 
investigation.  In  the  prebunched,  high  harmonic  gyrotron,  rf-accelerated  axis-encircling 
electrons  are  in  synchronism  with  a  high  order  azimuthal  TEn\  mode  with  u>0Ut  =  nflc+fc||V||, 
thereby  reducing  the  requisite  magnetic  field  of  a  gyrotron  by  n  (  n  «  2  -  30).  Also,  the 
ability  of  the  gyroresonant  rf  accelerator  to  produce  an  azimuthally  bunched,  helical  beam 
is  exploited  by  setting  uacc  =  uw/n,  so  that  all  electrons  enter  the  gyrotron  cavity  at 
the  optimal  rf  phase.  In  this  first  order  interaction,  all  electrons  lose  energy  to  the  wave, 
thereby  greatly  increasing  the  efficiency  as  well  as  reducing  mode  competition  problems. 

In  the  cyclotron  autoresonance  maser,  gyrating  electrons  remain  in  gyroresonance  with 
a  copropagating  wave  with  vph  =  c,  even  as  they  lose  energy  to  the  wave,  thereby  yielding 
high  efficiency.  A  CARM  can  generate  extremely  high  powei  due  to  reduced  attenuation 
of  the  rf  due  to  its  propagation  far  above  cutoff.  Also,  compared  to  a  gyrotron,  a  CARM 
requires  lower  magnetic  field  due  to  a  large  Doppler  frequency  upshift. 

Another  interaction  being  studied  is  the  Dielectric  Loaded  CARM,  where  the  previously 
described  highly  efficient  cyclotron  autoresonant  interaction,  which  is  predicted  to  occur  for 
Vph.  =  c,  is  accessed  by  employing  a  dielectric  lined  waveguide  to  slow  the  phase  velocity  of 
the  electromagnetic  wave,  so  that  a  much  lower  electron  beam  voltage  can  be  employed. 

We  are  also  developing  a  frequency  selective  cavity  tc  operate  these  interactions  as 
oscillators.  In  a  Bragg  resonator,  the  two  reflectors  merely  consist  of  corrugated  waveguide. 
A  wave  which  satisfies  the  Bragg  condition,  Ajj  =  21,  where  A||  is  the  axial  wavelength  and 
t  is  the  corrugation  period,  is  reflected  through  the  principle  of  destructive  interference. 


PROGRESS  (Jan.  1,  1989  -  Dec.  31,  1989) 


I.  Prebunched  High  Harmonic  Gyrotron 

To  compare  with  the  prebunched  cavity,  which  had  yielded  an  unprecedented  conversion 
power  of  6.7  kW  at  the  third  harmonic,  we  built  and  tested  two  non-prebunched  gyrotron 
cavities,  one  a  control  experiment  (roughly  same  dimensions)  and  the  other  a  more  optimized 
gyrotron.  Both  cavities  yielded  an  order  of  magnitude  less  power  than  the  prebunched 
cavity,  showing  that  the  prebunched  gyrotron  is  an  important  interaction.  The  experimental 
results  were  described  along  with  the  analytical  theory  in  the  manuscript,  “Prebunched 
High-Harmonic  Gyrotron,”  by  C.S.  Kou,  D.B.  McDermott,  N.C.  Luhmann,  Jr.  and  K.R. 
Chu,  which  was  sent  to  the  IEEE  Trans,  on  Plasma  Science’s  Special  Issue  on  High-Power 
Microwave  Generation  (subsequently  published  -  IEEE  Trans,  on  Plasma  Science  IS,  343 
(1990)). 

II.  Dielectric  Loaded  CARM 

The  focus  of  our  efforts  was  to  improve  the  quality  of  the  electron  beam.  To  reduce 
the  axial  velocity  spread,  a  new  gyroresonant  wiggler  was  fabricated  with  a  period  twice  as 
long  as  the  initial  one,  which  should  reduce  the  velocity  spread  due  to  the  transverse  pump 
inhomogeneity  by  a  factor  of  four.  The  transverse  velocity  of  the  electron  beam  transformed 
by  this  wiggler  was  measured  and  very  favorably  compared  to  simulation  results.  Despite 
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these  and  other  modifications,  the  performance  of  the  device  did  not  improve.  We  were 
limited  to  a  maximum  k\\c/u)  of  0.7. 

III.  High  Voltage  CARM 

We  entered  into  a  collaboration  with  Drs.  Caplan  and  Kulke  of  LLNL  on  a  400  MW, 
250  GHz  CARM  driven  by  an  induction  linac.  We  have  supplied  the  superconducting 
solenoid  for  the  project  and  will  perform  measurements  of  the  rf  output.  Using  the  CARM 
simulation  code  which  Dr.  Caplan  supplied  us,  we  have  designed  and  optimized  many  high 
power  CARMs  for  various  applications.  A  150  MW,  17  GHz  CARM  driven  by  a  1  MV,  400 
A  electron  beam  with  40%  efficiency  was  designed  to  satisfy  DOD’s  super  power  microwave 
needs  as  well  as  DOE’s  future  driver  requirements  for  high  gradient  linacs. 

The  construction  of  a  CARM  proof  of  principle  experiment  has  progressed.  A  60  ft 3  oil 
tank  for  the  800  kV  20:1/40:1  dual  step-up  transformer  has  been  assembled  and  mounted  on 
a  rail  system.  The  experiment  will  be  performed  at  10  GHz  in  our  2  m  long,  3  kG  solenoid 
with  an  expected  output  power  of  20  MW. 

IV.  Bragg  Reflectors 

The  analytical  theory  of  Bragg  reflectors  was  developed.  The  reflection  is  found  by 
solving  the  coupled  differential  equations  by  the  eigenvalue/  eigenvector  method. 

Bragg  reflectors  with  rectangular  corrugation  have  been  electroformed  and  measured. 
The  reflection  from  the  rectangular  corrugations  was  found  to  be  as  high  as  98-99%  for  a 
certain  narrow  range  of  frequency.  The  data  agrees  with  analytical  theory  fairly  well,  except 
that  the  coupling  was  much  larger  than  expected  from  Fourier  decomposition.  The  pure 
TEu  -  TEn  coupling  resonance  was  observed  as  well  as  the  TEn  -  TMu  intercoupling 
resonance. 
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“Prebunched  High  Harmonic  Gyrotron,”  by  C.S.  Kou,  D.B.  McDermott  and  N.C.  Luhmann, 
Jr.,  submitted  to  IEEE  Trans  Plasma  Science  Special  Issue  on  High  Power  Microwave 
Generation,  (subsequently  published  in  Vol.  18,  p.  343  (1990)). 

H.B.  Cao,  D.B.  McDermott  and  N.C.  Luhmann,  Jr.,  “Initial  Operation  of  a  Cherenkov 
CARM,”  Proceedings  of  1989  SPIE  Conf.  on  Microwave  and  Particle  Beams  1061.  pp. 
248-253,  Los  Angeles,  California,  1989. 

Q.S.  Wang,  A.T.  Lin,  N.C.  Luhmann,  Jr.,  D.B.  McDermott  and  K.R.  Chu,  “Cyclotron 
Autoresonance  Maser  (CARM)  EC  Heating  Source  for  High  Field  Tokamaks,”  Proceedings 
of  1989  SPIE  Conf.  on  Microwave  and  Particle  Beams  1061.  pp.  254-261,  Los  Angeles, 
California,  1989. 

C. S.  Kou,  D.B.  McDermott  and  N.C.  Luhmann,  Jr.,  “Prebunched  High  Harmonic  Gy¬ 
rotron,”  Proceedings  of  1989  SPIE  Conf.  on  Microwave  and  Particle  Beams  1061.  pp. 
262-268,  Los  Angeles,  California,  1989. 

“Dielectric  Loaded  CARM,”  K.C.  Leou,  D.B.  McDermott  and  N.C.  Luhmann,  Jr.,  Bull. 
Am.  Phys.  Soc.  M,  2088  (1989). 

“High  Power  CARM,”  Q.S.  Wang,  A.T.  Lin,  N.C.  Luhmann,  Jr.,  D.B.  McDermott  and 
K.R.  Chu,  Bull.  Am.  Phys.  Soc.  34,  2089  (1989). 

“Design  of  a  Bragg  Resonator,”  C.K.  Chong,  D.B.  McDermott,  M.  Razeghi,  and  N.C. 
Luhmann,  Jr.,  Bull.  Am.  Phys.  Soc.  34,  2092  (1989). 

“Prebunched  High  Harmonic  Gyrotron,”  C.S.  Kou,  D.B.  McDermott  and  N.C.  Luhmann, 
Jr.,  Bull  Am.  Phys.  Soc.  34,  2092  (1989). 

“Bragg  Resonator  for  Selective  Feedback  in  Overmoded  Oscillators,”  C.K.  Chong,  M.M. 
Razeghi,  D.B.  McDermott  and  N.C.  Luhmann,  Jr.,  Fourteenth  Int.  Conf.  IR  fc  mm- Waves, 
Wurzburg,  Germany,  1989. 

“High  Power  CARM,”  Q.S.  Wang,  A.T.  Lin,  N.C.  Luhmann,  Jr.,  D.B.  McDermott  and 
K.R.  Chu,  Fourteenth  Int.  Conf.  IR  &  mm- Waves,  Wurzburg,  Germany,  1989. 

“Dielectric  Loaded  CARM,”  K.C.  Leou,  D.B.  McDermott  and  N.C.  Luhmann,  Jr.,  Four¬ 
teenth  Int.  Conf.  IR  &  mm- Waves,  Wurzburg,  Germany,  1989. 

“Prebunched  High  Harmonic  Gyrotron,”  C.S.  Kou,  D.B.  McDermott  and  N.C.  Luhmann, 
Jr.,  Digest  of  Fourteenth  Int.  Conf.  IR  &  mm- Waves,  Wurzburg,  Germany,  1989. 

“Cyclotron  Autoresonance  Maser  Amplifiers  and  Oscillators,”  Q.S.  Wang,  C.S.  Kou,  K.C. 
Leon,  C.K.  Chong,  D.B.  McDermott,  A.T.  Lin,  N.C.  Luhmann,  Jr.,  M.  Caplan,  B.  Kulke, 
A.  Salop  and  K.R.  Chu,  Digest  International  Electron  Device  Meeting,  p.  759,  Washington, 

D. C.,  1989. 

“Bragg  Resonator  for  Selective  Feedback  in  Overmoded  Oscillators,”  C.K.  Chong,  M.M. 
Razeghi,  D.B.  McDermott,  N.C.  Luhmann,  Jr.,  M.  Caplan,  and  B.  Kulke,  Submitted  to 


4 
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PROGRESS  (Aug.  1, 1987  -  July  31, 1988): 

I.  Prebunched  High  Harmonic  Gyrotron 


The  analytic  theory  of  the  prebunched  harmonic  gyrotron  has  been  developed 
including  the  electron  beam’s  axial  velocity  spread  and  guiding  center  spread.  The 
derivation  yields  the  expected  output  power  as  a  function  of  beam  current.  An 
experiment  has  been  performed  at  the  third  harmonic  of  the  cyclotron  frequency. 
Two  output  cavities  were  used  -  one  satisfied  the  prebunching  condition  and  the 
other  was  mistuned  by  2%.  The  prebunched  cavity  generated  a  power  of 
125  kW/A2  in  the  linear  regime  and  a  peak  power  of  6.7  kW  in  very  good  agree¬ 
ment  with  theory,  whereas  the  non-prebunched  cavity  yielded  approximately  two 
orders  of  magnitude  less  power.  The  predicted  dependence  of  the  prebunched 
gyrotron’s  outp"t  power  on  the  square  of  the  beam  current  has  been  verified.  The 
start  of  oscillation  current  is  effectively  zero. 

II.  Cyclotron  Autoresonance  Maser 

We  have  benefited  from  the  collaboration  of  Drs.  K.R.  Chu  and  A.T.  Lin. 
They  have  found  the  stability  conditions  for  the  CARM  amplifier.  It  is  bounded  by 
the  gyro-TWT  at  low  magnetic  field  and  absolute  instability  at  high  magnetic  field. 
Dr.  Chu  has  derived  the  magnetic  field  tuning  range  and  the  resulting  frequency 
upshift  and  growth  rate  for  a  700  kV  CARM  operated  in  either  the  TEn  or  TEoi 
mode  of  cylindrical  guide.  Dr.  Lin  has  performed  numerical  simulation  of  CARMs 
appropriate  for  a)  EC  heating  of  fusion  plasmas  and  b)  high  power  (1  kJ/ps) 
microwave  weapons. 

An  experiment  is  being  assembled  to  test  the  CARM’s  stability  and  features  of 
efficiency  enhancement  and  frequency  upshift.  The  components  for  a  25  kV,  2  ft, 
10  Hz,  2  psec  pulse  modulator  have  been  received.  An  800  kV,  20:1/40:1  dual 
step-up  transformer  and  a  400  kV  SLAC  electron  gun  have  also  been  received.  A 
60  kG  superconducting  solenoid  with  an  extra  uniform  region  for  gyroresonant 
velocity  transformation  has  been  ordered.  The  proof  of  principle  experiment  will  be 
performed  at  33  GHz  with  an  expected  output  power  of  10  MW  including  the 
deleterious  effect  of  a  1%  axial  velocity  spread  and  a  52%  guiding  center  spread,  as 
predicted  by  Dr.  Lin’s  simulations. 

III.  Cherenkov  Cyclotron  Autoresonance  Maser 

Velocity  transformation  in  an  improved  gyroresonant  wiggler  has  been  meas¬ 
ured.  A  thin  pencil  electron  beam  passed  through  a  small  aperture  before  propagat¬ 
ing  through  the  wiggler  on  its  way  toward  a  Uranium  glass  scintillation  plate.  The 
fluorescent  image  of  the  resultant  electron  ring  yielded  a  direct  measurement  of  the 
electron’s  Larmor  radius  from  which  the  transverse  velocity  can  be  deduced  since 
the  magnetic  field  is  known.  The  dependence  of  the  final  on  the  background 
axial  magnetic  field  and  the  wiggler’s  transverse  magnetic  field  has  been  compared 
to  simulation  results.  Agreement  is  very  good. 


-3- 


The  helical  electron  beam  was  then  guided  through  the  Cherenkov  CARM.  No 
radiation  was  generated  in  the  first  experiment.  A  serious  problem  with  the  system 
was  that  the  magnetic  fields  for  the  CARM  and  wiggler  regions  could  not  be 
independently  varied.  The  two  solenoids  were  energized  by  the  same  power  supply. 
We  are  currently  reconfiguring  the  magnetic  system  so  that  a  separate  power  supply 
will  energize  each  solenoid.  The  Cherenkov  CARM  will  then  be  retested. 

Before  settling  on  the  gyroresonant  wiggler  to  transform  the  input  pencil  elec¬ 
tron  beam  into  the  desired  helical  beam,  we  tested  a  magnetic  kicker.  The  electron 
beam  was  passed  through  an  iron  ring  within  the  magnetic  field.  The  ring  produces 
a  non-adiabatic  depression  in  the  field.  The  vzBr  azimuthal  force  produces  the 
needed  transverse  velocity.  Unfortunately,  we  expect  that  the  a  of  the  electron 
beam  is  a  strong  function  of  radius  since  Br  is  a  first  order  modified  Bessel  function. 
Yet,  this  configuration  has  produced  a  beam  with  a  quality  good  enough  to  excite  a 
gyrotron  cavity.  The  transformed  500  kW  beam  was  directed  through  a  gyrotron 
cavity  (no  dielectric)  with  a  radius  and  length  of  0.871  cm  and  8.712  cm,  respec¬ 
tively.  Approximately  20  kW  has  been  emitted  at  10.5  GHz  form  the  cavity’s  TEn 
mode.  The  measured  start  of  oscillation  current  suggests  that  the  a  of  the  beam  was 
roughly  0.9.  Of  much  interest,  monochromatic  second  harmonic  emission  occurs  at 
the  1  kW  power  level  at  16.9  Ghz,  which  corresponds  to  the  TE21  mode.  Second 
harmonic  emission  is  predicted  to  peak  for  electrons  on  axis  for  the  TE21  mode. 
Similarly,  the  third  harmonic  should  peak  for  electrons  on  axis  for  the  TT^  mode. 
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Publications  and  Presentations  (Aug.  1, 1987  -  July  31, 1988): 

"A  Cherenkov  Cyclotron  Autoresonance  Maser,"  D.B.  McDermott,  Haibo  Cao  and 
N.C.  Luhmann,  Jr.,  Int.  J .  Electronics ,  65,  477  (1988). 

"Prebunched  High  Harmonic  Gyrotron,"  C.S.  Kou,  D.B.  McDermott  and  N.C.  Luh¬ 
mann,  Jr.,  Bull.  Am.  Phys.  Soc.,  32,  1864  (1987V 

"Cyclotron  Autoresonant  Maser  (CARM)  Heating  Source  for  High  Field 
Tokamaks,"  N.C.  Luhmann,  Jr.,  A.T.  Lin,  and  D.B.  McDermott.  Bull.  Am.  Phys. 
Soc.,  32,  1865,  (1987). 

"A  Cherenkov  CARM,"  Bull.  Am.  Phys.  Soc.,  32,  1865  (1987). 

"Cyclotron  Autoresonance  Maser  (CARM)  EC  Heating  Source  for  High  Field 
Tokamaks,"  A.T.  Lin,  N.C.  Luhmann,  Jr.,  D.B.  McDermott  and  K.R.  Chu,  Invited 
Paper,  Digest  of  Twelfth  Int.  Conf.  IR  &  mm-Waves,  Orlando,  Florida,  1987. 

"Initial  Operation  of  a  Cherenkov  Autoresonance  Maser,"  H.  Cao,  D.B.  McDermott 
and  N.C.  Luhmann,  Jr.,  1988  IEEE  Int.  Conf.  Plasma  Science,  Seattle,  Washington, 
1988. 

"Operation  of  a  Prebunched  High  Harmonic  Cyclotron,"  C.S.  Kou,  K.J.  Knudsen, 
D.B.  McDermott  and  N.C.  Luhmann,  Jr.,  1988  IEEE  Int.  Conf.  Plasma  Science, 
Seattle,  Washington. 


PROGRESS  (Aug.  I,  1987  -  Dec.  31, 1988): 

I.  Prebunched  High  Harmonic  Gyrotron 


The  analytic  theory  of  the  prebunched  harmonic  gyrotron  has  been  developed 
including  the  electron  beam’s  axial  velocity  spread  and  guiding  center  spread.  The 
derivation  yields  the  expected  output  power  as  a  function  of  beam  current.  An 
experiment  has  been  performed  at  the  third  harmonic  of  the  cyclotron  frequency. 
Two  output  cavities  were  used  -  one  satisfied  the  prebunching  condition  and  the 
other  was  mistuned  by  2 %.  'Hie  prcbunchcd  cavity  generated  a  power  oi 
125  kW/A2  in  the  linear  regime  and  a  peak  power  of  6.7  kW  in  very  good  agree¬ 
ment  with  theory,  whereas  the  non-prebunched  cavity  yielded  approximately  two 
orders  of  magnitude  less  power.  The  predicted  dependence  of  the  prebunchcd 
gyrotron’s  output  power  on  the  square  of  the  beam  current  has  been  verified.  The 
start  of  oscillation  current  is  effectively  zero. 

II.  Cyclotron  Autoresonance  Maser 

We  have  benefited  from  the  collaboration  of  Drs.  K.R.  Chu  and  A.T.  Lin. 
They  have  found  the  stability  conditions  for  the  CARM  amplifier.  It  is  bounded  by 
the  gyro-TWT  at  low  magnetic  field  and  absolute  instability  at  high  magnetic  field. 
Dr.  Chu  has  derived  the  magnetic  field  tuning  range  and  the  resulting  frequency 
upshift  and  growth  rate  for  a  700  kV  CARM  operated  in  either  the  TEn  or  TEoi 
mode  of  cylindrical  guide.  Dr.  Lin  has  performed  numerical  simulation  of  CARMs 
appropriate  for  a)  F.C  heating  of  fusion  plasmas  and  b)  high  power  ( 1  kJ/ps) 
microwave  weapons. 

An  experiment  is  being  assembled  to  test  the  CARM’s  stability  and  features  of 
efficiency  enhancement  and  frequency  upshift.  A  25  kV,  2  £2,  10  Hz,  2  psec  pulse 
modulator  has  been  successfully  tested.  An  800  kV,  20:1/40.1  dual  step-up 
transformer  and  a  400  kV  SLAC  electron  gun  have  been  received.  A  60  kG  super¬ 
conducting  solenoid  with  an  extra  uniform  region  for  gyroresonant  velocity 
transformation  has  been  ordered.  The  proof  of  principle  experiment  will  be  per¬ 
formed  at  33  GHz  with  an  expected  output  power  of  10  MW  including  the  deleteri¬ 
ous  effect  of  a  1%  axial  velocity  spread  and  a  52%  guiding  center  spread,  as 
predicted  by  Dr.  Lin’s  simulations. 

III.  Cherenkov  Cyclotron  Autoresonance  Maser 

Velocity  transformation  in  an  improved  gyroresonant  wigglcr  has  been  meas¬ 
ured.  A  thin  pencil  electron  beam  passed  through  a  small  aperture  before  propagat¬ 
ing  through  the  wiggler  on  its  way  toward  a  Uranium  glass  scintillation  plate.  Hie 
fluorescent  image  of  the  resultant  electron  ring  yielded  a  direct  measurement  of  the 
electron’s  Larmor  radius  from  which  the  transverse  velocity  can  be  deduced  since 
the  magnetic  field  is  known.  The  dependence  of  the  final  v,  on  the  background 
axial  magnetic  field  and  the  wiggler’s  transverse  magnetic  field  has  been  compared 
to  simulation  results.  Agreement  is  very  good. 
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The  Cherenkov  CARM  experiment  was  then  performed  with  a  4  A,  90  keV 
beam.  The  wiggler  fields  were  adjusted  so  that  the  electron  had  an  a  of  0.9  in  the 
('ARM  region.  The  CARM’s  magnetic  field  was  then  swept  so  that  the  cyclotron 
resonance  line  intersected  many  different  lll'n  modes  of  the  structure.  A  peak 
power  of  24.6  kW  was  generated  for  the  fourth  order  axial  mode.  The  15th  order 
mode,  which  is  near  die  light  line  (  tn/ck,  =  0.94),  was  excited  with  an  output  power 
of  300  W.  It  is  felt  that  the  low  level  of  output  power  is  due  to  axial  velocity 
spread.  Steps  are  presently  being  taken  to  reduce  the  spread  significantly  (x4). 

Before  settling  on  the  gvroresonant  wiggler  to  transform  the  input  pencil  elec 
tron  beam  into  the  desired  helical  beam,  we  tested  a  magnetic  kicker.  The  electron 
beam  was  passed  through  an  iron  ring  within  the  magnetic  field.  The  ring  produces 
an  non-adiabatic  depression  in  the  field.  'Hie  v,Br  azimuthal  force  produces  the 
needed  transverse  velocity.  Unfortunately,  we  expect  that  the  tx  of  the  electron 
beam  is  a  strong  function  of  radius  since  Br  is  a  first  order  modified  Bessel  function. 
Yet,  this  configuration  has  produced  a  beam  with  a  quality  good  enough  to  excite  a 
gyrotron  cavity.  The  transformed  5(H)  kW  beam  was  directed  through  a  gyrotron 
cavity  (no  dielectric)  with  a  radius  and  length  of  0.X71  cm  and  8.712  cm,  respec¬ 
tively.  Approximately  20  kW  has  been  emitted  at  10.5  GHz  form  the  cavity’s  TE'h 
mode.  The  measured  start  of  oscillation  current  suggests  that  the  a  of  the  beam  was 
roughly  0.9.  Of  much  interest,  monochromatic  second  harmonic  emission  occurs  at 
the  1  kW  power  level  at  16.9  Ghz,  which  corresponds  to  the  Tli^j  mode.  Second 
harmonic  emission  is  predicted  to  peak  for  electrons  on  axis  for  the  TE21  mode. 
Similarly,  the  third  harmonic  should  peak  for  electrons  on  axis  for  the  l  lin  mode. 
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I.  Summary  of  Progress 


Until  June,  1986  the  sole  goal  of  our  AFOSR  sponsored  research  was  the  theoretical  and 
experimental  investigation  of  the  harmonic  gyrotron  in  which  the  interaction  occurs  between 
large  orbit,  axis-encircling  electrons  and  high  order  azimuthal  cavity  TE  modes.  The  program 
encompassed  both  the  basic  device  physics  as  well  as  the  actual  construction,  testing  and  optimi¬ 
zation  of  practical  sources.  The  major  thrust  of  the  program  was  aimed  toward  basic  research  on 
compact  high  frequency  sources  which  employ  simple  technology:  1)  low  voltage;  2)  and  con¬ 
ventional,  or,  ideally,  permanent  magnets  rather  than  superconducting  magnets,  Bitter  magnets 
or  pulsed  solenoids.  The  program  philosophy  stressed  basic  studies  employing  analytic  and 
numerical  calculations  together  with  well-defined  experimental  measurements  to  elucidate  the 
important  features  of  the  device  physics. 


A)  High  Harmonic  Gyrotron  Start  of  Oscillation  (Theoretical) 

We  have  investigated  and  developed  the  high  harmonic  gyrotron*1-4)  which  produces  high 
frequency  radiation  with  low  magnetic  fields.  It  is  based  on  the  synchronism  of  axis-encircling 
electrons  with  a  high  order  azimuthal  TEnn  mode,  which  occurs  when  co  =  nQc,  where 
ftc  =  eB/ymoC  is  the  relativistic  cyclotron  frequency  and  y=  1+K/moC2  where  K  represents  the 
electron’s  energy.  The  requisite  magnetic  field  is  thereby  reduced  by  n. 

In  this  alternative  gyrotron  geometry,  the  angular  phase  velocity  of  the  wave  is  approxi¬ 
mately  equal  to  the  speed  of  light  near  the  radial  wall,  so  if  the  electrons  are  in  synchronism  with 
the  wave,  then  rL/a  =  vx  /c,  where  vL  is  the  perpendicular  electron  velocity,  r^  represents  the 
corresponding  electron  Larmor  radius,  and  a  is  the  cavity  radius.  Because  the  TEnn  "whispering 
gallery"  modes  are  strongly  localized  near  the  radial  wall,  strong  interaction  at  high  harmonics 
requires  electrons  with  high  perpendicular  energy.  The  filling  factor,  which  is  a  measure  of  the 
interaction  strength,  defined  as  the  square  of  the  azimuthal  electric  field  normalized  to  the  aver¬ 
age  energy  density  of  the  mode,  is  shown  in  Fig.  1  as  a  function  of  =vL  /c.  Notice  that  an 
energy  of  approximately  500  kV  is  required  for  strong  interaction  at  the  fifteenth  harmonic. 

The  harmonic  gyrotron  driven  by  an  axis-encircling  beam  has  been  analyzed  in  a  relativis¬ 
tic  linear  Vlasov  treatment  which  has  yielded  the  start-oscillation  current  and  a  qualitative  value 
for  device  efficiency.  The  dependence  of  the  harmonic  gyrotron  on  parameters  is  strikingly 
similar  to  the  conventional  gyrotron.  Therefore,  high  efficiencies  can  be  expected  as  in  the  stan¬ 
dard  gyrotron  in  addition  to  a  significant  reduction  in  the  magnetic  field.  The  analysis  has  been 
published  in  The  Physics  of  Fluids  26, 1936  (1983). 

B)  Gyroresonant  RF-Accelerator  (Experimental  and  Theoretical) 

We  have  just  seen  that  very  energetic  electrons  (»  100  keV)  are  required  for  strong  coupling 
between  the  electron  beam  and  the  wave  in  a  high  harmonic  interaction.  Our  experiment  uses  a 
gyroresonant  RF  accelerator  to  produce  the  high  energy,  axis  encircling  electron  beam*5-7).  A 
low  energy,  pencil  like  electron  beam  (£  0.5  A,  £  4  keV)  is  injected  along  the  magnetic  field  into 
a  cylindrical  cavity  which  supports  a  large  amplitude,  circularly  polarized  TEm  mode  at  a  fre¬ 
quency  of  2.8  GHz.  The  resulting  beam  consists  of  a  tightly  wound  helix  of  high  energy  (£  500 
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Figure  1  Dependence  of  the  filling  factor  on  Pi  for  three  high  harmonic  interactions, 
Pi  *vA/c. 


keV)  axis  encircling  electrons. 

The  harmonic  gyrotron’ s  resonance  condition,  which  is  co  =  nfl^y,  can  be  rewritten  as 
cn/CncOacc)  =  flco/CY^acc).  where  co^  represents  the  cavity  frequency,  =  eB/mc  is  the  rest 
mass  cyclotron  frequency.  Therefore,  in  order  to  properly  design  the  gyrotron  cavity,  the  value 
for  y/fflco/^icc)  of  the  accelerated  beam  at  the  desired  y  must  be  known.  The  electron  energy 
produced  in  the  rf-accelerator,  determined  by  the  radius  of  the  scintillation  image  of  the  ring,  as 
a  function  of  magnetic  tuning  about  the  resonance  condition  (03^  =  Clo)  has  been  measured  and 
plotted  in  Fig.  2  where  it  is  compared  with  numerical  simulation.  The  agreement  is  excellent  - 
within  10%.  The  optimum  magnetic  field  occurs  when  the  rf  frequency  is  roughly  equal  to  the 
average  cyclotron  frequency,  i.e., 

fico  =  C0gcc(l  +  Y)^  (1) 

where  Y  represents  the  final  electron  y  and  the  initial  y  has  been  taken  equal  to  unity.  Therefore, 
the  important  ratio  mentioned  earlier  can  be  approximated  by 


The  results  have  been  published  in  the  Journal  of  Applied  Physics  58, 4501  (1985). 

C)  Moderate  Harmonic  Emission  (Experimental) 

Our  initial  harmonic  gyrotron  experiments  were  designed  to  verify  the  theoretical  predic¬ 
tions  of  start-oscillation  and  saturated  efficiency. 

The  experimental  start  of  oscillation  current  for  the  third  through  fifth  harmonic  interac¬ 
tions  in  Tube  X.2  are  plotted  in  Fig.  3  as  a  function  of  magnetic  field.  Referring  to  Fig.  4,  we  see 
that  the  measured  starting  currents  are  in  good  agreement  with  theory.  A  qualitative  estimate  of 
the  maximum  efficiency  for  transfer  of  electron  beam  energy  into  millimeter  wave  energy  is 
given  by  the  width  of  the  gain  function.  Essentially,  the  electrons  "walk-off'  the  interaction  as 
they  lose  energy.  The  peak  efficiency  is  given  by 

i = <£)(}>< r^Tx^)(r>  <3> 

where  V||,  a  and  L  represent  the  electron’s  velocity  along  the  magnetic  field,  the  cavity  radius  and 
length,  respectively.  This  equation  also  describes  the  high  efficiency  conventional  gyrotron. 
Note  that  the  efficiency  is  inversely  proportional  to  the  cavity  length  and  harmonic  number. 
Also,  the  efficiency  is  strongest  at  low  energy  (Y->1).  Unfortunately,  the  interaction  strength 
decreases  as  the  beam  energy  is  lowered.  Therefore,  peak  efficiency  must  be  compromised  in 
order  to  achieve  oscillation. 

For  a  parametric  study  three  cavities  for  moderate  harmonic  emission  were  fabricated  with 
different  lengths.  In  addition  to  obtaining  quantitative  agreement  within  50%  of  theoretical 
predictions,  both  the  start-oscillation  current  and  efficiency  were  observed  to  scale  properly  with 
cavity  length. 

The  theoretical  start-oscillation  current  is  essentially  proportional  to  L-2.  Since  the  lengths 
of  the  three  cavities  (otherwise  identical)  are  5.08  cm,  3.81  cm  and  2.54  cm,  the  minimum  start- 
oscillation  current  should  scale  as  1:2.25:4.  The  observed  third  harmonic  interaction  actually 
scaled  as  1:3:4  and  the  fourth  harmonic  interaction  scaled  as  1:2.5 :5.  The  "mean  agreement"  is 
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Figure  2  y  as  determined  by  experiment  (data  points)  and  simulation  (curves)  for  three 
values  of  rf  power  into  the  x-band  accelerator. 


L/a  =  3.14 
a  =  0.8  cm 


Figure  3  Measured  start  of  oscillation 
and  fifth  (38.7  GHz)  harmonic  interacts 
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‘on  current  for  Tube  X.2. 


therefore  within  20%. 

The  dependence  of  the  predicted  conversion  efficiency  on  cavity  length  has  been  verified 
by  comparing  the  peak  efficiency  of  the  third  harmonic  interaction  for  the  two  smaller  cavities. 
The  efficiency  should  be  inversely  proportional  to  the  cavity  length  (see  Eq.  3).  The  measured 
values  for  conversion  efficiency  of  9.5%  and  15%  agree  well  with  the  predicted  ratio  of  1.5. 
Unfortunately,  the  measurements  in  the  longer  cavity  cannot  be  used  since  this  cavity  was 
extremely  undercoupled  and  the  higher  harmonic  interactions  in  the  short  cavity  did  not  saturate. 

The  experimental  results  have  been  published  in  the  International  Journal  of  Infrared  and 
Millimeter  Waves  4, 639  (1983). 

D)  Mode  Competition 

1.  Axial  Mode  Control 

We  have  also  been  successful  in  controlling  the  axial  mode  number,  /,  of  the  unstable  wave 
in  the  gyrotron  cavity.  This  is  important  because  multi-mode  oscillation  lowers  the  device 
efficiency  and  is  undesirable  in  itself.  Axial  mode  competition  is  not  a  problem  in  a  conven¬ 
tional  gyrotron  where  the  cavity’s  Q  is  inversely  proportional  to  fi  due  to  the  use  of  diffraction 
coupling.  In  our  high  harmonic  gyrotrons  the  power  is  coupled  out  through  the  side  walk  As  a 
result  the  Q  is  roughly  independent  of  /.  Hie  relative  frequency  difference  between  two  neigh¬ 
boring,  low  order  axial  modes  in  a  relatively  long  cavity  of  practical  interest  is  small  enough  that 
they  are  likely  to  oscillate  simultaneously.  This  has  been  observed  and  is  evident  in  Fig.  5  where 
the  two  lowest  order  axial  modes  oscillated  for  each  of  the  third,  fourth,  and  fifth  harmonic 
interactions.  Furthermore,  the  severity  of  axial  mode  competition  increases  for  higher  harmon¬ 
ics. 

We  suppressed  axial  mode  competition  by  using  resistive  wall  loading.  A  thin  band  of 
Eccosorb  268E  absorber  was  applied  to  the  midplane  of  the  cavity.  Odd  axial  modes  are  heavily 
damped  because  their  intensity  peaks  along  the  midplane.  In  contrast,  the  even  axial  modes  are 
relatively  unaffected  because  a  null  occurs  at  the  midplane.  The  current  at  the  threshold  for 
oscillation  for  the  cavity  corresponding  to  Fig.  5,  but  which  has  been  sliced  through  the  axis  for 
azimuthal  mode  control  and  filled  with  a  lossy  ring  along  its  midplane,  is  shown  in  Fig.  6.  The 
emission  was  monochromatic  as  desired.  Furthermore,  the  conversion  efficiency  increased  to 
16%  while  2  kW  at  33  GHz  was  emitted. 

2.  Complex  Cavity 

During  the  past  year  we  have  attempted  to  operate  a  complex  cavity  for  the  purpose  of  the 
suppression  of  mode  competition.  A  complex  cavity^  is  comprised  of  two  or  more  cavities 
such  that  only  one  frequency  is  resonant  in  both  cavities.  This  complex  mode  extends  over  a 
longer  length  than  the  modes  localized  in  just  one  cavity.  Thus  the  start-oscillation  current  for 
this  frequency  is  much  lower  than  the  start-oscillation  current  for  the  other  frequencies.  Conse- 
quently,  the  complex  mode  will  saturate  before  the  other  modes  even  begin  to  oscillate.  In  a  har¬ 
monic  gyrotron  complex  cavity  driven  by  axis-encircling  electrons  the  modes  in  each  cavity 
must  have  the  same  azimuthal  number. 
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Figure  5  Measured  start  of  oscillation  current  for  the  third,  fourth  and  fifth  harmonic  interne 
tions  in  Tube  X.3.  The  two  lowest  axial  modes  oscillated  simultaneously  for  each  harmonic. 
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We  have  successfully  developed  a  theory  for  the  optimum  design  of  a  complex  cavity.  The 
rule  is  that  the  start  oscillation  current  (IS)  for  each  cavity  should  be  equal.  This  yields  the 
greatest  possible  difference  between  I,  for  the  complex  mode  and  I,  of  the  modes  isolated  in 
cither  cavity.  Since  I,  is  inversely  proportional  to  the  square  of  the  interaction  length,  I,  for  the 
complex  mode  will  be  four  times  lower  than  that  of  any  other  mode.  Therefore,  the  electron 
beam  will  lock  onto  and  saturate  this  complex  mode  before  the  others  even  begin  to  oscillate. 


Assuming  that  the  resonance  condition,  coSnQc,  is  properly  satisfied  the  start  oscillation 
current  of  a  TE^mp  mode  in  an  nth  harmonic  gyrotron  can  be  written 


I.= 


^nfanm) 
7 - 


w 

TF 


(4) 


where  q^  is  the  mth  zero  of  the  nth-order  Bessel  function,  Jn(y);  /,  a  and  Q  are  the  cavity’s 
length,  radius  and  quality  factor,  respectively,  and  W  represents  a  product  of  parameters  which 
are  independent  of  the  cavity  mode.  If  the  two  constituents  of  the  complex  cavity  are  a  TTfoi 
mode  and  a  TEsn  mode,  and  the  two  Qs  are  equal,  then  the  TEg2i  cavity  should  be  three  times 
the  length  of  the  TEgn  cavity. 


E)  High  Harmonic  Emission  (Experimental) 

Once  the  theory  of  the  high  harmonic  gyrotron  was  verified,  we  felt  confident  to  assemble  a 
higher  harmonic  experiment.  We  achieved  56  and  65  GHz  operation  at  100  W  levels.  Much 
experimental  difficulty  was  encountered  at  these  high  frequencies  because  the  transmission  of 
the  output  window  at  high  frequencies  was  very  poor. 

F)  Prebunched  High  Harmonic  Gyrotron 


In  this  interaction  the  electrons  radiate  at  harmonics  of  the  rf  accelerator’s  resonant  frequency. 
The  efficiency  will  be  extremely  high  because  all  electrons  lose  energy  to  the  wave  and  this  is  a 
lower  order  interaction  than  the  gyrotron  where  some  of  the  electrons  actually  gain  energy  from 
the  cavity  fields.  It  depends  on  the  fact  that  the  rf  accelerator  produces  a  phase  bunched  beam  as 
it  accelerates.  In  essence  the  rf  accelerator  behaves  like  the  buncher  cavity  of  a  klystron.  How¬ 
ever,  a  tremendous  advantage  exists  here  because  the  bunched  beam  loses  energy  to  a  traveling 
wave  in  the  catcher  cavity  rather  than  a  standing  wave.  Consequently,  transit  time  effects  do  not 
occur.  Therefore,  the  catcher  cavity  can  be  large  resulting  in  a  potentially  high  power  millimeter 
wave  source. 

An  important  feature  of  the  accelerated  beam  has  not  yet  been  exploited:  The  accelerator 
produces  a  bunched  beam.  The  accelerator  transforms  an  input  pencil  beam  into  a  corkscrew 
beam,  which  implies  azimuthal  bunching.  This  free  energy  can  be  tapped  if  the  beam  then 
progresses  through  a  second  cavity  where  it  interacts  with  the  nth  order  azimuthal  TEnj  mode. 
Since  the  cavity  fields  are  proportional  to  cos(n9— cot)  and  d8/dt  =  Gc,  electrons  maintain  their 
phase  relationship  with  the  wave  if 

0)  =  nfle  (5) 

as  in  the  high  harmonic  gyrotron.  The  electrons  continually  enter  the  cavity  at  the  optimum 
phase  if 

(o  =  nojjcc  (6) 


4 


The  electrons  are  then  all  synchronized  with  the  decelerating  phase  of  the  wave.  The  entire 
beam  loses  energy  to  the  wave.  This  is  in  contrast  to  the  more  common  higher  order  harmonic 
gyrotron  where  some  electrons  lose  energy  to  the  wave  while  others  gain  energy.  For  both  to  be 
true  the  magnetic  field  must  be  tuned  so  that 


This  relation  can  be  rewritten 


fle  —  Wacc 


(7) 


Y  —  COg£C 


(8) 


It  is  not  always  possible  to  attain  Eq.  8.  Under  most  circumstances  Eq.  (8)  cannot  be  satisfied 
because  the  v1  force  from  the  wave  reflects  the  electrons  midway  through  the  cavity.  How¬ 
ever,  there  exists  a  minimum  input  velocity  for  any  accelerator  input  power  at  which  the  elec¬ 
trons  can  pass  through  the  barrier.  We  have  numerically  simulated  the  acceleration  trajectories 
to  discover  under  what  conditions  Eq.  (8)  can  be  satisfied.  Figure  7  gives  the  range  of  y  which 
result  while  satisfying  Eq.  (8).  For  an  input  power  of  25  kW,  which  is  roughly  the  minimum 
power  from  our  present  9  GHz  magnetron,  the  injected  electron  energy  must  be  15  keV.  An  ini¬ 
tial  cavity  has  been  designed  for  emission  at  the  fourth  harmonic,  36.8  GHz.  Its  length  is  1.27 
cm. 


E)  Dielectric  Rod  (Theoretical) 

We  have  shown  that  a  dielectric  rod  aligned  along  the  bore  of  a  cavity  can  reduce  the 
energy  requirements  of  the  electron  beam  for  high-harmonic  gyrotron  operation.  As  seen  in  Fig. 
8  a  large  interaction  filling  factor  can  occur  at  high  harmonics  for  moderate-energy  electrons  (~ 
80  keV)  spiralling  around  the  rod  within  the  evanescent  region  of  a  high  order  azimuthal  dielec¬ 
tric  waveguide  mode.  Since  the  magnetic  field  strength  is  reduced  by  an  order  of  magnitude  in 
an  interaction  at  the  tenth  harmonic  of  the  cyclotron  frequency,  a  submillimeter-wave  gyrotron  is 
now  truly  feasible  because  the  acceleration  voltages  can  be  conveniently  produced  by  DC  power 
supplies.  The  analysis  has  been  published  in  the  International  Journal  of  Infrared  and  Millimeter 
Waves  4,  831  (1983). 

H)  Cherenkov  Cyclotron  Autoresonance  Maser 


The  CARM(9>10>  is  a  novel  variation  of  the  cyclotron  maser.  It  is  designed  so  that  the  elec¬ 
trons  remain  in  synchronism  with  the  wave  even  as  they  lose  energy.  The  resonance  condition, 
as  for  all  fundamental  gyro-devices,  is 


co  =  kzvz  + 


^cc 


(9) 


where  kz  and  vz  are  the  axial  wavevector  and  velocity,  respectively.  Resonance  can  be  main¬ 
tained  if  the  longitudinal  velocity  decreases  at  the  same  rate  as  the  energy.  The  dynamic  phase 
shift  of  an  electron  relative  to  the  wave  is 


A<t>  = 


Mvr  +  QcA(i-) 


T 


(10) 


where  t  is  the  growth  rate  of  the  interaction  Using  the  relation  between  momentum  and  energy 
loss  during  a  radiative  process,  the  phase  variation  can  be  written  as 
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Figure  7  Maximum  accelerated  y  as  a  function  of  injected  axial  velocity  for  system  satisfy¬ 
ing  the  prebunched  gyrotron  condition. 


BERRYLIA  n  =  10 

«  =  6.781 


A4>  =  ^on  [Pp'h2 -  1  ]  (ID 

where  3^  =  co/ckz.  Notice  that  phase  slippage  occurs  less  slowly  as  (3ph  approaches  unity.  This 
interaction  can  thereby  yield  a  very  high  efficiency  for  particle  to  wave  energy  transfer. 

Resonance  with  a  fast  wave  ((3ph  >  1)  while  avoiding  the  excitation  of  an  absolute  instabil¬ 
ity  is  most  readily  achieved  by  a  highly  relativistic  beam,  which  can  also  exploit  another  feature 
of  the  CARM.  The  output  frequency  is  Doppler-upshifted  to 

0)  =  (l-3Ir1fic  (12) 

An  upshift  of  four  has  been  achieved  in  a  CARM  which  has  emitted  10  MW  at  125  GHz.OD 

Relativistic  electrons  are  unnecessary  if  a  slow  wave  structure  is  used.  An  appreciable 
upshift  of  the  frequency  can  still  occur  since  the  axial  velocity  is  effectively  increased  by  the 
structure’s  refractive  index. 


A  slow-wave  CARM  amplifier  whose  guiding  structure  is  a  dielectric  cylinder  within  the 
metallic  tube  is  of  significant  interest.  Shown  in  Fig.  9  is  the  dispersion  relation  of  the  hybrid 
TEn  mode  within  several  polythylene  tubes  of  varying  thickness  derived  from  the  theory  of  Ref. 
12.  The  experimentally  measured  frequencies  of  the  lowest  order  axial  hybnd  TEn  modes  in 
several  cylindrical  cavities  of  varying  length  are  included. 

This  geometry  has  the  fortuitous  feature  that  the  rf  field  is  a  null  throughout  the  dielectric 
when  PPh  =  1.  The  radial  dependence  of  the  filling  factor,  defined  as  the  square  of  the  perpendic¬ 
ular  rf  electric  field  normalized  to  the  average  energy  density,  is  plotted  in  Fig.  10  for  several 
values  of  wavevector  including  the  wave  with  Pph  =  1.  Notice  that  the  rf  fields  on  the  axis  are 
actually  enhanced  by  the  presence  of  the  dielectric.  This  is  corroborated  by  Fig.  11,  where  the 
filling  factor  at  several  radial  positions  is  plotted  as  a  function  of  wavevector.  The  value  of  the 
field  on  axis  is  a  maximum  and  near  the  dielectric  is  a  minimum  for  (3ph  =  1 .  Thus  the  wave  is 
strong  in  the  central  vacuum  region  for  the  values  of  phase  velocity  which  yield  the  highest 
efficiency. 

Since  the  fields  peak  on  axis,  the  electron  gun  geometry  most  appropriate  for  this  tube  is  a 
pencil  beam  which  acquires  its  perpendicular  motion  by  passing  through  a  bifilar  undulator  at 
gyroresonance. 


R  * 


^uflco 

2rcyvz 


=  1 


(13) 


where  is  the  undulator’s  wavelength,  as  depicted  in  Fig.  12.  The  periodic  transverse  magnetic 
field  of  the  undulator  will  couple  the  transverse  velocity  to  the  axial  velocity. 

We  have  numerically  simulated  the  motion  of  electrons  in  the  gyroresonant  undulator. 
Electrons  were  injected  axially  into  the  periodic  transverse  magnetic  fi-;ld  where  the  periodic 
V|XB1  force  drives  them  at  their  natural  frequency,  the  cyclotron  frequency,  if  Eq.  13  is 
satisfied  The  value  of  a  =  vx  /v„  at  the  exit  of  a  ten  period  undulator  as  a  function  of  the  wiggler 
field  amplitude  for  a  75  keV  electron  is  shown  in  Fig.  13  for  several  values  of  initial  resonance 
ratio,  R.  An  initial  resonance  ratio  of  unity  (Eq.  13  is  satisfied)  yields  the  most  rapid  increase  in 
vx ,  but  a  saturates  at  0.4.  However,  since  the  resonance  condition  is  a  function  of  a  varying  vt,  a 
value  for  R  less  than  one  yields  a  final  a  far  in  excess  of  0.4. 

The  differential  equations  governing  the  forced  resonant  motion  can  be  solved  analytically 
for  the  linear  regime,  valid  if  v,  does  not  vary  appreciably.  For  exact  resonance  (R«l)  the 
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Figure  9  Dispersion  of  hybrid  TEu  wave  in  polythylene  loaded  cavity  including  experimen¬ 
tal  measurements  with  inner  to  outer  diameter  ratio,  a/b,  of  0.75  for  several  cavity  lengths. 


e  =  9.64 
a/b  =  0.75 


IP 


transverse  velocity  grows  linearly,  given  by 

vi  <14> 

where  BL  is  the  amplitude  of  the  wiggler’s  field  This  analytical  relation  accurately  describes  the 
numerical  results  for  weak  B.  . 

The  motion  of  particles  in  the  Cherenkov  wave  is  being  simulated.  In  addition  to  the  com¬ 
peting  mechanisms  of  axial  and  azimuthal  bunching,  the  transverse  magnetic  component  of  the 
wave,  which  is  equal  to  the  transverse  electric  component  for  (3ph  =  1,  may  aggravate  the  bunch 
formation  and  lower  the  conversion  efficiency. 

The  culmination  of  this  investigation  will  be  a  Cherenkov  CARM  amplifier.  However, 
preceding  this  experiment  will  be  the  realization  of  Fig.  14  in  a  simpler  configuration,  that  of  an 
oscillator.  Even  before  a  Cherenkov  CARM  oscillator  is  built  a  conventional  fast-wave  gyro- 
tron  will  be  tested.  The  theory  for  the  gyrotron  interaction  is  well  understood  and  will  allow  us 
to  test  most  of  the  components,  especially  the  gyroresonant  wiggler.  The  start  of  oscillation 
current  for  the  TEm  mode  will  be  1A  for  a  75  keV  beam  with  an  a  of  0.8  when  the  cavity  has  a 
quality  factor  (Q)  of  1700  and  a  length  to  radius  ratio  of  10.  The  efficiency  of  transverse  energy 
conversion  is  expected  to  be  25%,  but  because  of  the  low  a  the  total  efficiency  will  be  only  10% 
yielding  an  output  power  of  40kW.  Since  the  beam  parameters  were  chosen  to  optimize  the 
Cherenkov  CARM,  they  cannot  be  expected  to  yield  good  gyrotron  performance,  i.e.  high 
efficiency.  Yet  we  feel  this  experiment  is  very  worthwhile  because  the  major  components  can 
thereby  be  tested  in  a  relatively  controlled  environment  In  addition,  this  experiment  will  give  us 
time  to  perform  the  analytical  theory  of  the  Ch*rtnkov  CARM  to  determine  the  desired  cavity 
length.  All  components  have  been  fabricated  and  we  have  just  begun  to  hot  test  the  system. 
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